Abstract The Himalayan orogen represents a ''Composite Orogenic System'' in which channel flow, wedge extrusion, and thrust stacking operate in separate ''Orogenic Domains'' with distinct rheologies and crustal positions. We analyze 104 samples from the metamorphic core (Greater Himalayan Sequence, GHS) and bounding units of the Annapurna-Dhaulagiri Himalaya, central Nepal. Optical microscopy and electron backscatter diffraction (EBSD) analyses provide a record of deformation microstructures and an indication of active crystal slip systems, strain geometries, and deformation temperatures. These data, combined with existing thermobarometry and geochronology data are used to construct detailed deformation temperature profiles for the GHS. The profiles define a three-stage thermokinematic evolution from midcrustal channel flow (Stage 1, >7008C to 550-6508C), to rigid wedge extrusion (Stage 2, 400-6008C) and duplexing (Stage 3, <280-4008C). These tectonic processes are not mutually exclusive, but are confined to separate rheologically distinct Orogenic Domains that form the modular components of a Composite Orogenic System. These Orogenic Domains may be active at the same time at different depths/positions within the orogen. The thermokinematic evolution of the Annapurna-Dhaulagiri Himalaya describes the migration of the GHS through these Orogenic Domains and reflects the spatial and temporal variability in rheological boundary conditions that govern orogenic systems.
Introduction
Identifying how the Himalayan metamorphic core deformed through dynamic PTt space is fundamental to understanding the orogen's kinematic evolution. In this study, we highlight the dominant role of rheology during the Himalayan orogeny and demonstrate that channel flow [e.g., Beaumont et al., 2001; Godin et al., 2006] , wedge extrusion [e.g., Burchfiel and Royden, 1985] , and duplexing/thrust stacking [e.g., Robinson et al., 2006; Montomoli et al., 2015] , were all integral processes during structural development of the Himalaya.
Himalayan orogenesis is typically explained with one of three generalized end-member models: (1) channel flow [e.g., Beaumont et al., 2001; Law et al., 2004; Searle et al., , 2006 Searle et al., , 2010 , (2) wedge extrusion [e.g., Burchfiel and Royden, 1985; Burchfiel et al. 1992] , and (3) duplex/thrust stacking [e.g., Robinson et al., 2006; Carosi et al., 2010; Montomoli et al., 2013 Montomoli et al., , 2015 . Channel flow models assume that the Himalayan metamorphic core (Greater Himalayan Sequence, GHS) formed as a partially molten, rheologically weak subhorizontal layer, which ''flowed'' southward relative to the upper and lower crust. Flow was driven by topographic overburden, underthrusting, and focused erosion. Wedge extrusion models consider the GHS to have formed as a wedge of midcrustal material, exhumed as a rigid block via top-SW thrusting on the underlying Main Central Thrust and gravitationally driven top-NE normal sense motion along the overlying South Tibetan Detachment; note that ductile wedge models of Grujic et al. [1996] and Grasemann et al. [1999] are early variants of the channel flow model. Duplex/thrust stacking models assume that the GHS represents a thrust stack within an orogen-scale duplex that was exhumed via thrust stacking of underlying crustal material.
the LGHS and lower UGHS and 20-308NE to ESE in the upper UGHS and STDS [Godin, 2003; Parsons et al., 2016a] .
The LHS contains quartzites and metapelitic rocks that have been metamorphosed up to chlorite grade. The LGHS contains lower to upper greenschist facies metasedimentary rocks, divided into Units A, B, and C, listed from bottom to top (Figure 1 ). Unit A contains inter-bedded quartzites, pelites, semipelites, and the Geochemistry, Geophysics, Geosystems laterally discontinuous Ulleri orthogneiss. Unit B contains quartzites and dolomitic marble (marble defined as >80% carbonate). Unit C consists of interbedded dolomitic metacarbonates (metacarbonate defined here as >50-80% carbonate) and calc-pelitic metasedimentary rocks. The UGHS contains amphibolite facies migmatites, schists, gneisses, and leucogranites and is divided into Units I, II, and III (Figure 1 ). Unit I comprises kyanite-bearing schists, paragneisses, and migmatites. Unit II contains clinopyroxene-bearing calc-silicate gneisses. Unit III contains kyanite-bearing migmatite and orthogneiss with subordinate sillimanitebearing schists and calc-silicate layers. Leucosomes and leucogranite dykes and sills are observed across the UGHS and often contain kyanite, but not sillimanite. At the top of the GHS, the STDS is composed of marble and metacarbonates plus subordinate calc-silicate gneiss and leucogranite intrusions at its base. Metamorphic grade of the STDS is poorly constrained, although index minerals record an upsection temperature decrease from clinopyroxene to biotite grade. The THS contains calcareous and pelitic metasedimentary rocks, metamorphosed at up to chlorite grade. In the Kali Gandaki Valley, the THS is deformed by the N-S striking Thakkhola Graben, which was active between midlate Miocene to Plio-Pleistocene times [Colchen et al., 1986; Hurtado et al., 2001; Garzione et al., 2003] . A geological field guide to the Kali Gandaki Valley has recently been published by Carosi et al. [2014] .
Microstructure Analytical Methods

Optical Microscopy
Microstructural analysis of 104 samples was conducted via optical microscopy (see supporting information Data set S1 for sample list and XZ orientations) in the XZ plane of the kinematic reference frame (X points downdip, parallel to principal stretching and inferred transport direction, Z normal to foliation). We use the term ''microstructure'' to describe visible crystal structures (e.g., grain boundary morphology, subgrains, etc.). ''Texture'' describes a visible collection of microstructures that form distinct compositional structures (e.g., dynamic recrystallization textures). ''Fabric'' describes alignment of crystal axes or crystal shapes (e.g., crystallographic preferred orientation). 2.1.1. Deformation Microstructure Temperature Constraints Specific microstructures provide an indication of deformation temperatures of quartz, calcite, dolomite, and feldspar. Deformation temperature constraints used in this study (Table 1 ) are summarized below. Stipp et al. [2002] proposed a quartz deformation temperature thermometer based on dynamic recrystallization textures. The thermometer predicts that at geological strain rates of 10 212 to 10 214 s 21 the dominant quartz microstructures evolve from: (1) grain boundary bulging recrystallization (BLG; 280-3908C) to (2) subgrain rotation recrystallization (SGR; 420-4908C) to (3) grain boundary migration recrystallization (GBM; >5308C) [Stipp et al., 2002] (Table 1) . Additionally, at higher temperature (>6508C), chessboard subgrain patterns are often observed in quartz, as a result of combined (c)<a> and {m} [c] slip [Kruhl, 1996] ( Table 1) .
Calcite twinning microstructures provide a low temperature (<4008C) deformation thermometer ( Table 1) . Analysis of naturally deformed limestones deformed at known temperature ranges revealed the dominance of thin twins (Type I) below 1708C and thick twins (Type II) above 2008C [Burkhard, 1993; Ferrill et al., 2004] . Above 2508C, the onset of dynamic recrystallization results in curved, tapered, and lensoid thick twins (Type III) that may become patchy and serrated (Type IV) with further recrystallization [Burkhard, 1993; Ferrill et al., 2004] . At higher temperatures and strains, dynamic recrystallization and twin migration work to remove twins [Burkhard, 1993; Ferrill et al., 2004] . The use of this thermometer is limited as calcite twins only form under low strain and recrystallization may occur at temperatures below 2508C [Burkhard, 1993; Ferrill et al., 2004] . An additional constraint is provided by the presence of dolomite twins, which form between 300 and 6008C [Barber et al., 1981] (Table 1) .
Variations in feldspar recrystallization mechanisms provide some indication of deformation temperatures (Table 1) . Recrystallization of feldspar occurs at temperatures of >4508C [Tullis and Yund, 1991; Fitz Gerald and St€ unitz, 1993] . Correlation between naturally deformed feldspar with known temperature constraints and experimental deformation studies suggests that plagioclase develops BLG 1 SGR recrystallization textures between 450 and 6508C [Tullis and Yund, 1991; Fitz Gerald and St€ unitz, 1993] . SGR 1 GBM recrystallization textures are more common above 5508C [Fitz Gerald and St€ unitz, 1993; Rosenberg and St€ unitz, 2003] . Diffusion creep becomes an important deformation mechanism in plagioclase at high strain/high temperature conditions (600-7008C) and in K-feldspar at low differential stresses, and generally accommodates more strain than dislocation creep [Schulmann et al., 1996; Altenberger and Wilhelm, 2000; Rosenberg and St€ unitz, 2003; Menegon et al., 2008] .
SEM EBSD Analysis
Quartz, calcite, dolomite, and feldspar CPOs from 93 samples were analyzed via SEM EBSD. CPOs are graphically represented on pole figures (stereographic projections) contoured in multiples of uniform distribution (m.u.d.) . For all pole figures, X plots to the right and represents the down plunge azimuth of the transport direction. All CPO-derived dextral shear sense indicators indicate a normal (hanging wall down) shear sense. All sinistral shear sense indicators indicate a reverse (hanging wall up) shear sense.
Previously documented relationships between quartz, calcite, dolomite, and feldspar CPO topologies and active crystal slip systems, shear sense, and strain geometry are summarized below. SEM EBSD analytical methods and additional figures of quartz, calcite, and dolomite slip systems are provided in supporting information Figures S1-S6. 2.2.1. Quartz CPO and Crystal Slip Systems Quartz CPOs were measured from 93 samples along the entire lengths of both transects. Pole figures were constructed for <a>, {m}, (c), {r}, and {z} crystallographic axes, plotted on lower hemisphere equal-area projections (supporting information Data set S2).
During crystal plastic deformation, quartz can deform via <a> slip on the (c), {m}, {r}, and {z} planes (r and z planes collectively referred to as {r/z} planes) and also by {m}[c] slip (supporting information, Figure S1 ) [Ba€ eta and Ashbee, 1969; Linker et al., 1984; Mainprice et al., 1986; Schmid and Casey, 1986] . Typically, (c)<a> slip (slip on the basal plane in one of three <a> directions) is common at lower greenschist facies conditions (300-4008C, Table 1 ). Through middle greenschist to lower amphibolite facies conditions, {m}<a> and {r/z}<a> slip become increasingly active (400-6508C, Table 1 ) [Ba€ eta and Ashbee, 1969; Mainprice et al., 1986; Schmid and Casey, 1986; Lloyd et al., 1992; Lloyd and Freeman, 1994] . Above 650-7008C, {m} [c] slip can occur [Mainprice et al., 1986] (Table 1) , although this may occur at lower temperatures in the presence of hydrolytic weakening [Mainprice et al., 1986; Morgan and Law, 2004] . In the Annapurna-Dhaulagiri Geochemistry, Geophysics, Geosystems
samples, the strongest quartz CPO fabrics were consistently measured in quartzites. Well-developed quartz CPOs were also found in semipelitic and some gneissic samples, where quartz is a major constituent of the bulk mineral assemblage and forms load-bearing domains. Barth et al. [2010] provide a useful graphical summary of quartz CPO topology indicators for different slip systems and strain geometries.
Commonly, <a> slip occurs on a combination of (c), {m}, and {r/z} planes (Mixed <a> slip) to produce crossed girdle distributions of c-axes (viewed in the XZ kinematic plane, supporting information, Figure S2 ). Crossed girdle topology tends to indicate either a plane strain (Type I topology) or constrictional strain (Type II topology) geometry [Lister, 1977] (see supporting information Figure S2 for examples). Type II crossed girdles may also be indicative of ''dry'' high temperature (>6508C) dynamic recrystallization [Morgan and Law, 2004] . The symmetry of c-axis distributions with respect to sample coordinates (foliation and lineation) also provides a qualitative indicator of coaxial (symmetrical distribution) or noncoaxial (asymmetrical distribution) deformation [Lister et al., 1978; Barth et al., 2010] (supporting information Figure S2 ). CPO asymmetries produced by noncoaxial deformation can also indicate a shear sense [Behrmann and Platt, 1982] (supporting information Figure S2 ). The opening angles of quartz c-axis crossed girdle fabrics also provide indication of deformation temperatures [Khrul, 1998] (Table 1) . Opening angles are determined from the radial angle between crossed girdle skeletons drawn on contoured c-axis pole figures (supporting information, Figure S3 11> slip directions (referred to as <D2> and <D3>, respectively, from here on), plotted on lower hemisphere equal-area projections (supporting information Data set S3).
At low temperatures (<3008C), calcite deforms by twinning on the {e} plane in the <D1> direction [Burkhard, 1993; De Bresser and Spiers, 1997] . Dynamic recrystallization of calcite begins at 2508C and dominates above 300-4008C [Barber et al., 1981; Evans and Dunne, 1991; Weber et al., 2001] . Above 300-4008C, {r}<D2> slip 6 {r}<a> slip dominates. Subordinate {f}<D2> slip occurs between 300 and 6008C. Subordinate {f}<D3> and (c)<a> slip occur between 550 and 8008C (supporting information, Figure S4 ) [De Bresser and Spiers, 1997; Pieri et al., 2001; Bestmann and Prior, 2003] (Table 1 ).
In dolomite, (c)<a> slip dominates below 3008C [Barber et al., 1981] [Barber et al., 1981] . Slip on the {r}<a> system may also occur in dolomite at intermediate to high temperatures, but is always subordinate to other slip systems (supporting information, Figure S4 ) [Barber et al., 1981 [Barber et al., , 1994 .
Dislocation glide within calcite and dolomite occurs in many directions and not all active slip systems produce CPOs parallel or perpendicular to the shear plane [Trullenque et al., 2006] . Coaxial and noncoaxial deformation of calcite may be determined from orthorhombic CPO symmetry and monoclinic CPO symmetry/asymmetry, respectively [Wenk et al., 1987; Lafrance et al., 1994; Trullenque et al., 2006] . It may also be possible to classify different calcite c-and a-axis CPO topologies as ''Low Temperature'' (typically greenschist) or ''High Temperature'' (typically amphibolite) fabrics, although exact temperature ranges are poorly constrained [Wenk et al., 1987; Leiss and Molli, 2003; Trullenque et al., 2006] . Examples of the described calcite CPOs are included in supporting information Figures S5 and S6 .
The relationships between dolomite CPO topology, temperature, and strain geometry are less well constrained, although previous studies suggest a similar behavior to calcite [Wenk and Shore, 1975; Delle Piane et al., 2009] . Noncoaxial intracrystalline deformation (e.g., twinning) of both calcite and dolomite will rotate c-axis maxima against the shear direction, whilst dynamic recrystallization will rotate c-axis maxima toward the shear direction [Lafrance et al., 1994; Leiss and Barber, 1999; Pieri et al., 2001; Trullenque et al., 2006; Delle Piane et al., 2009] . Dolomite is stronger than calcite at low temperatures (<5508C) and weaker than calcite at high temperatures (>5508C) [Delle Piane et al., 2008] . Strain partitioning in calcite-dolomite aggregates is common and relative differences in CPO strength between these minerals may provide an additional temperature constraint [Delle Piane et al., 2008] (Table 1) .
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Pole figures were plotted on upper and lower hemisphere equal-area projections. Only feldspar CPOs from the UGHS and STDS, where temperatures were sufficient for significant intracrystalline deformation and recrystallization, are presented.
During intracrystalline deformation of plagioclase at medium to high grade conditions (>4508C), (010)<001> slip, and slip in the <110> direction on a plane anywhere between (001) and {111} is common, while (001)<100> and (010)<100> slip is also reported [Olsen and Kohlstedt, 1985; Heidelbach et al., 2000; St€ unitz et al., 2003] . The mechanical behavior of K-feldspar is similar to plagioclase, and involves similar slip systems, the commonest being slip on the (010) plane in the <100>, <010>, <001>, and <101> directions [Gandais and Willaime, 1984; Fitz Gerald and St€ unitz, 1993; Menegon et al., 2008] . Diffusion creep has been shown to weaken and/or modify CPO configurations due to anisotropic crystal growth rates of feldspar [Bons and den Brok, 2000; Heidelbach et al., 2000; Menegon et al., 2008; Fukuda et al., 2012] .
Microstructural Analysis of the Annapurna-Dhaulagiri Himalaya
Deformation microstructures and CPO fabrics from each tectonostratigraphic unit are described and interpreted below. Selected CPOs are presented in Figures 3, 5, and 7 for reference. The majority of the fabrics discussed are to be found with their complete CPO data sets in supporting information Data sets S2-S4, as it is neither practical nor feasible to present all CPOs in a single figure. Corresponding deformation temperatures inferred from the observed microstructures and CPOs are discussed in section 4. A brief summary of field structures observed in each tectonostratigraphic unit is also given. Detailed field structural and petrological descriptions for the Modi Khola and Kali Gandaki transects have been reported by Hodges et al. 
Lesser Himalayan Sequence (LHS)
The LHS is only weakly metamorphosed, with no field or microstructural evidence for internal penetrative shearing. Quartzites preserve original sedimentary structures such as cross bedding and ripple marks.
Quartz-Microstructures in the LHS typically define static recrystallization textures with euhedral crystal shapes and polygonal grain boundaries. Quartz deformation microstructures, including undulose extinction, deformation lamellae, fluid inclusion trails, and brittle fracturing are common. Partially annealed grain boundary bulging (BLG) dynamic recrystallization textures are sometimes observed (Figure 2a ). The apparent degree of deformation is low compared to samples from the overlying GHS. Relict quartz grains (presumably detrital) have resisted recrystallization and often contain deformation kink bands.
In general, quartz CPOs from the LHS are weakly developed with poorly defined fabrics suggestive of (c)<a> slip (P12/088, Figure 3a) . No discernible shear sense is recorded.
Lower Greater Himalayan Sequence (LGHS)
The LGHS is pervasively deformed throughout, and sheared quartz veins with a top-SW reverse shear sense are common. Top-SW shearing corresponds to development of the regional S3 foliation that transposes an earlier crenulation cleavage observed in the field in some metapelitic rocks [Parsons et al., 2016b] . The observed microstructures and CPO fabrics described below are associated with development of the regional S3 fabric.
Quartz-Partially annealed quartz deformation microstructures in quartzites and semipelites define an upsection transition from BLG and subgrain rotation (SGR) dynamic recrystallization textures (Unit A) to SGR and grain boundary migration (GBM) textures (Unit B and C) (Figures 2b-2d ). In the lower LGHS, quartz porphyroclasts with larger grain size than surrounding matrix grains are observed (Figures 2e-2g ). Where present, quartz SPOs indicate a top-SW shear sense (Figure 2c ). In the Modi Khola transect, quartz porphyroclasts contain deformation bands and subordinate subgrains. In the Kali Gandaki transect, some quartz porphyroclasts display chessboard subgrain (CBS) textures (P13/051, P13/052, Figures 2f-2g ). The edges of these porphyroclasts are often recrystallized to form core-mantle structures [e.g., Passchier and Trouw, 2005] . Recrystallized mantles are usually surrounded by an outer layer of mica that appears to define the original grain shape of the quartz core. In some cases, relict cores are entirely recrystallized, leaving a micaceous layer surrounding an aggregate of matrix-sized quartz grains (Figure 2h ).
At the base of Unit A, quartz c-axis CPOs display a mix of type I (P13/062, Figure 3b ) and type II (P12/080, P13/061, supporting information Data set S2) crossed-girdle fabrics, with weak asymmetry suggestive of noncoaxial, and possibly constrictional, sinistral shear (top-SW, reverse sense). In Unit B, quartz c-axis CPOs display strong, rotated, asymmetrical type I crossed girdles (P12/027, supporting information Data set S2) or single girdles (P12/030, Figure 3c ), compatible with noncoaxial plane strain sinistral shear (top-SW). In these samples, a concentration of c-axis orientations parallel to the Y direction suggests a dominance of {m}<a> slip with minor contributions from (c)<a> and {r/z}<a> slip. In the Kali Gandaki transect, quartz CPOs from Unit C display weak (c)<a> slip compatible fabrics (P12/065, P13/049, supporting information Data set S2) with sinistral shear sense (top-SW).
A minority of samples in Unit A and C display c-axis girdles parallel to the XY plane (supporting information Data set S2-samples P13/054, P13/057, P12/066, see Figure 3h for an example from the STDS). The lowgrade metamorphic indicator minerals in these samples indicate that these fabrics were not produced by high temperature {m}[c] slip (>6508C). Instead, preferential dissolution-precipitation growth of quartz parallel to the c-axis during phyllonitization is a more likely explanation [e.g., Hippertt, 1994; Ihinger and Zink, 2000] .
Calcite and Dolomite-Metacarbonates and dolomitic marbles in Units B and C contain tabular calcite and dolomite grains with their long axes aligned subparallel to foliation. Grains show signs of grain boundary area reduction (GBAR) through both dynamic and static recrystallization (Figure 4 ). Calcite commonly displays type I and II twinning and occasionally preserves type III twins ( Figure 4a ). Dolomite grains are also twinned. In Unit C, deformed calcite and dolomite matrix grains sometimes surround isolated domains of quartz grains with BLG and SGR textures (Figure 4b ).
Calcite and dolomite CPOs from Unit B and C are well defined (Figures 5a-5d ). Where present in the same sample, calcite produces stronger CPO than dolomite. Rotated c-axis fabrics are common and suggest a Geochemistry, Geophysics, Geosystems
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sinistral shear sense (top-SW) ( Figure 5c ). The relative configuration of calcite crystallographic axes in these samples is compatible with activation of all slip systems, but only {r}<a> and (c)<a> slip could have occurred parallel to the flow plane. Calcite CPO configurations are similar to ''Low Temperature'' c-axis fabrics described by Wenk et al. [1987] . The recorded {f}, <D2> and <D3> fabrics are suggestive of either coaxial (e.g., P12/066, Figures 5a and 5b) or noncoaxial (e.g., P13/049, Figure 5c ) deformation histories in individual samples. Typically, dolomite CPOs in the LGHS (e.g., P12/068, P12026, Figures 5a and 5d) are favorably oriented for (c)<a> and {r}<a> slip parallel to X 6 subordinate {f}<D2> slip (P12/066, P12/063, supporting information Data set S3). A minority of dolomite CPOs have broad c-, e-, r-, D2-, and D3-axis maxima centered on the Y direction and poorly defined a-, f-, and D1-axis girdles parallel to the XZ plane (supporting information Data set S3). There are no previously published examples of this dolomite CPO (referred to here, as Type II dolomite CPO) and it is unclear what deformation mechanisms were responsible for its formation.
Upper Greater Himalayan Sequence (UGHS)
Field observations indicate that the UGHS is pervasively sheared throughout and contains evidence for both noncoaxial (e.g., shear folds) and coaxial (e.g., boudinage and isoclinal folding) deformation associated with formation of the regional, transpositional S3 foliation [Parsons et al., 2016b] . Migmatites are common throughout and preserve evidence for synmigmatitic deformation. A variety of high temperature deformation microstructures are observed across the UGHS. GBAR of all minerals is common throughout the UGHS. Tabular and elliptical grains orientated with long-axes parallel to foliation are common but give no indication of shear sense, except for samples from the base of the UGHS, which have well-defined top-WSW S-C fabrics and inclined SPOs (supporting information, Figure S7a ). Garnet porphyroblasts do not display any sign of rotation (supporting information, Figure S7b ). Where present, secondary muscovite has a random SPO indicating growth under static conditions. Partial melt textures are commonly observed. These include: (1) Quartz-Samples from the base of the UGHS display SGR and GBM quartz recrystallization textures. Quartz microstructures observed over the rest of the UGHS are dominated by GBM 6 CBS recrystallization textures (Figures 6a-6h ). Subordinate BLG 1 SGR quartz recrystallization textures are sometimes observed, particularly in samples from the Modi Khola transect (Figure 6g ).
Quartz CPO fabrics (supporting information Data set S2) are poorly developed, perhaps reflecting the polymineralic composition of these rocks and the randomizing effects of static recrystallization and GBAR on CPO development. The structurally lowest c-axis CPO from Unit I in the Kali Gandaki transect defines a single girdle with remnants of a type I crossed girdle, compatible with {m}<a> slip plus minor (c)<a> and Geochemistry, Geophysics, Geosystems 10.1002/2015GC006184 {r/z}<a> slip during plane strain noncoaxial sinistral shear (P13/046, supporting information Data set S2). Immediately above this, a quartzite sample yields a strong and well-defined type I c-axis crossed girdle distribution with no asymmetry and a point maxima parallel to the Y direction, suggestive of {m}<a> slip during plane strain coaxial deformation (P12/061, Figure 3d ). In the Modi Khola transect, poorly defined quartz CPO fabrics from the base of Unit I are compatible with (c)<a> slip (P12/021 & P12/020, supporting information Data set S2). Across the rest of the UGHS, quartz CPO fabrics are poorly defined, but compatible with either {m}[c] slip (e.g., P12/058, P13/040, Figures 3f-3g ) or {m}<a> slip (e.g., P13/045, Figure 3e ). Most CPO fabrics are suggestive of coaxial plane strain, (i.e., c-axis maxima parallel to X direction, a-axis maxima parallel to XZ plane-P12/019, P12/054, P12/053; symmetrical type I c-axis crossed girdles-P12/013, P12/ 14 supporting information Data set S2), although some quartz CPOs suggest a degree of flattening strain (i.e., c-axis girdle parallel to XY plane, weak to no alignment of a-axis fabrics-P12/015, P12/058, P13/040-Figures 3f-3g and supporting information Data set S2) [e.g., Barth et al., 2010] . Rotation of c-and a-axes around Y, are rare, but suggest a minor amount of noncoaxial sinistral shear (top-to-the-SW/SE; e.g., P13/ 040, Figure 3g ). In the Kali Gandaki transect, the uppermost quartz CPO from the footwall of the AD is compatible with (c)<a> slip and sinistral shear sense (top-WSW, P13/030, supporting information Data set S2).
Calcite-In the Kali Gandaki transect, calcite CPOs from calc-silicate gneisses in Unit II have poorly defined topologies, but have strong c-axis point maxima parallel to Z and a-axis girdles parallel to the XY plane (supporting information Data set S3). These CPO configurations are most suggestive of deformation via {c}<a> slip 6 {f} slip. Figure S8 ). Myrmkitic/granophyric feldspars are observed throughout.
Feldspar CPOs are generally weak and/or have no discernible fabric (supporting information Data set S4). In Unit I, a minority of CPOs may correspond to slip on (001) (P12/059, Figure 7a ) and (010) (P13/044, supporting information Data set S4). In Unit II, K-feldspar CPOs are suggestive of slip on (010) (e.g., P12/053, Figure  7d ), while strong plagioclase CPO may record (001)<110> slip (e.g., P12/054, Figure 7c ). Unit III produces a minority of strong well-defined plagioclase and K-feldspar CPOs (e.g., P13/032; Figure 7e ). These are favorably aligned for (001)<110> slip or (010)<001> and (010)<100> slip (P12/012, P12/049, P13/030, supporting information Data set S4). Some samples produce well defined nonrandom fabrics that do not correspond to known slip system configurations and may derive from diffusion creep controlled deformation (e.g., P12/011, Figure 7b ).
Most feldspar CPOs record no definitive evidence for rotation due to noncoaxial deformation, except for the CPO for P13/032 (Figure 7e ) that indicates a dextral (top-down-to-E) shear sense. Where feldspar CPOs are strong or have well-defined topology, <100> and <001> point maxima, respectively, parallel to the X and Y directions are common, and suggestive of plane strain deformation (P12/012, P12/059, P13/046, P13/ 044, supporting information Data set S4). In some samples, flow-plane (XY) parallel <100> or <001> girdles are also observed, particularly in the footwall and immediate hanging wall of the AD/DD (P12/053, P12/054, Geochemistry, Geophysics, Geosystems
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P13/032, Figures 3c-3e) . These XY girdle fabrics may be indicative of a flattening-dominated strain (i.e., distributed dislocation glide within the XY plane).
South Tibetan Detachment System (STDS)
Indicators of pervasive, noncoaxial top-down-NE shearing are observed in the field throughout the STDS, and are associated with development of the regional transpositional S3 foliation [Parsons et al., 2016b] . In the Kali Gandaki valley, localized top-SW reverse sense shearing (S4) is sometimes observed overprinting the S3 foliation [Parsons et al., 2016b] . Most of the observed microstructures are associated with S3 foliation although some S4 microstructures are also observed.
Quartz-In the Modi Khola transect, quartz grain domains in the lower half of the STDS display GBM and CBS recrystallization textures and subordinate BLG recrystallization textures. In the Kali Gandaki transect, quartz domains are less deformed and display SGR and BLG textures.
Quartz CPOs (supporting information Data set S2) are weakly developed and commonly define XY-parallel c-axis maxima/girdles (Figure 3h ). The lack of evidence for intracrystalline deformation of quartz suggests that these CPOs reflect mechanical rotation of quartz grains resulting in a shape-controlled CPO [e.g., Stallard and Shelley, 1995] . This probably requires preferential growth of quartz grains in the crystal [c] direction during or prior to rotation [Ihinger and Zink, 2000] . A single quartz CPO from an STDS leucogranite on the Modi Khola transect displays a {m}<a> slip CPO fabric with dextral shear (top-to-the-NE) asymmetry (P12/ 007, supporting information Data set S2).
Calcite and Dolomite-Elongate tabular grain shapes are displayed by calcite and dolomite across the STDS. Grain SPO long axes are typically inclined to the foliation (shear plane) and record either normal-sense (P13/026, P12044, Figure 8a ; P13/005, supporting information Figure S9a Calcite CPO strength generally decreases up-section in the STDS (supporting information Data set S3). Calcite CPO topology varies and fabrics suggestive of both noncoaxial (P12/006, Figure 5e ) and coaxial (P13/ 031, supporting information Data set S3) deformation are locally recorded. These calcite CPOs are favorably orientated for {r}<a> and {c}<a> slip in the XY plane parallel to X. Well-formed {f} girdles and <D2> and <D3> small circle girdles and point maxima suggest that {r}<D2> and {f} slip may have also occurred. Samples with calcite-dolomite aggregates from the middle and top of the STDS all have dolomite fabrics that are stronger than calcite fabrics. The strongest dolomite CPOs are found at the very top of the STDS (P13/ 005, P13/006, supporting information Data set S3). These dolomite CPOs are favorably orientated for (c)<a> and {r}<a> slip in the XY plane and {f} slip in the XZ plane. A minority of calcite and dolomite CPOs display clockwise or anticlockwise rotation about the Y axis, respectively, suggestive of dextral (top-to-the-ESE; P12/044, supporting information Data set S3) and sinistral (top-to-the-WSW; P12/043, supporting information Data set S3) noncoaxial shear.
Feldspar-At the base of the STDS, plagioclase grains displays GBM 1 GBAR textures and sometimes contain subgrains. Myrmekite and perthite textures indicate that dissolution-precipitation was a significant deformation mechanism. Plagioclase CPOs from the base of the STDS (P12/007, P13/031 supporting information Data set S4) are compatible with (001)<110>slip, while K-feldspar CPOs are favorably orientated for (010)<100> and/or (001)<100> slip (e.g., P13/031, Figure 7f ). Rotated plagioclase CPO fabrics in the hanging wall of the AD suggest dextral (top-down-to-E) shear (P13/031, supporting information Data set S4). Feldspar grains in the upper portion of the STDS are largely undeformed with no indication of dynamic recrystallization.
Other minerals-At the base of the STDS in the Kali Gandaki transect, hornblende porphyroblasts have coremantle structures indicating a normal-sense top-to-the-E shear. Phlogopite and biotite grains are observed across the STDS and typically form a spaced cleavage between bands of calcite and quartz that define the Geochemistry, Geophysics, Geosystems
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regional foliation (supporting information, Figure S9c ). The upper portion of the STDS in the Kali Gandaki valley contains biotite porphyroblasts, of which some are chloritized. In the middle of the STDS, these porphyroblasts are equant and euhedral and form core-mantle structures with either top-to-the-S (reverse, Figure 8d) or top-to-the-ESE (normal, Figure 8c ) shear senses. Toward the top of the STDS, biotite porphyroblasts become increasingly flattened, boudinaged, and rotated parallel to foliation (supporting information, Figure S9d ).
Tethyan Himalayan Sequence (THS)
The THS is deformed by km-scale folds and thrusts associated with development of an S2 axial planar foliation that deforms an earlier bedding-subparallel S1 foliation. Toward the base of the THS, STDS-parallel S3 foliation transposes S1 and S2. Top-SW contractional S4 foliation and a E-W extensional S5 cleavage are observed locally throughout the THS [Godin, 2003; Parsons et al., 2016a] . Observed microstructures are generally associated with formation of the regional S2 foliation, with the exception of samples from the base of the THS that are dominated by S3 associated deformation. Calcite and Dolomite-In the lower 1.5 km of the THS, calcite, and dolomite microstructures record both brittle and crystal plastic deformation. Grains are small, anhedral, and commonly display type I and occasionally type II twins, with signs of grain growth around undeformed quartz (Figures 9a and 9b ). Foliation-crosscutting fractures and fractured calcite grains are common (Figure 9d ). ''Feathered wing-like'' calcite amalgamations are also observed that appear to have formed as vein-calcite precipitating rapidly into voids and fractures that formed during deformation (Figure 9c ). These microstructures are likely to have formed during motion on the STD. Above this structural level, microstructures are dominated by a local foliation, which is commonly defined by spaced cleavage between mica and carbonate bands.
Calcite and dolomite CPOs (supporting information Data set S2) are weak, with the exception of the lower and uppermost samples (P12/041, P12/033, supporting information Data set S2). Discernible fabrics are comparable to ''Low Temperature'' CPOs, favorably orientated for {c}<a> 6 {r}<a> slip parallel to X in the XZ plane. At the base of the THS, calcite CPOs suggest reverse sense sinistral shear (top-to-the-W; P12/041, supporting information Data set S3) that correlates with observed SPOs. Structurally above this, calcite and dolomite CPOs (P12/039, supporting information Data set S3) from the footwall to a low angle fault (150/26 NE) suggest normal sense dextral shear. The strong calcite CPO from the top of the Kali Gandaki transect (P12/033, supporting information Data set S3) may relate to top-east normal-sense shearing on the Dangardzong fault, which flanks the western margin of the Thakkhola Graben [Hurtado et al., 2001] .
Thermal Profile of the Annapurna-Dhaulagiri Himalaya
We now constrain deformation temperature ranges (Table 1) for the GHS and bounding units using: (a) the recorded microstructures identified via optical microscopy and, (b) the EBSD-derived CPO fabrics and their inferred active crystal slip systems. Quartz c-axis fabric opening angle thermometry, using data from universal-stage (U-stage) and EBSD CPO analyses of 25 samples, provides additional constraints on deformation temperatures (supporting information, Figures S10-S12 and Table S1 ). Opening angle derived deformation temperatures were estimated using the thermometer of Kruhl [1998] . Temperature estimates determined from the newly published opening angle thermometer of Faleiros et al. [2016] are within error of those derived from the Kruhl [1998] thermometer (supporting information, Table S1 ).
Deformation microstructures developed through crystal plastic creep evolve to attain steady state equilibrium textures that reflect PT conditions (among other factors) under which they formed [Nicolas and Poirier, 1976; Means, 1981] . If crystal plastic deformation ceased prior to reaching stead state, then preserved microstructures may also contain relict textures/fabrics which pertain to earlier PT conditions [Passchier and Geochemistry, Geophysics, Geosystems Geochemistry, Geophysics, Geosystems
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Trouw , 2005] . However, during progressive deformation through dynamic PT space, recrystallization mechanisms will work to remove earlier fabrics, such that the preserved microstructures may reflect only the final PT conditions under which they formed [Knipe and Law, 1987] . This phenomenon is common in exhumed metamorphic rocks that often preserve deformation microstructures indicative of pressures and temperatures that are lower than petrology and mineral chemistry-derived peak PT estimates [e.g., Larson and Godin, 2009; Wallis et al., 2014] . In such situations, preserved microstructures are more likely to correlate with PT estimates associated with the retrograde part of the P-T-time path. In order to take this possibility in to account, deformation temperature constraints derived from our microstructural and CPO data are combined with previously published petrology-derived peak and retrograde temperature estimates. These combined data sets are used to construct tectonostratigraphic deformation temperature profiles for the GHS of the Kali Gandaki and Modi Khola transects (Figure 10 ).
LHS
In the LHS (Figure 10b ), brittle and low temperature ductile quartz microstructures (BLG) and quartz (c)<a> slip fabrics indicate a deformation temperature range of <2808C to 300-4008C.
LGHS
In the LGHS, quartz microstructures record deformation temperatures of 280-4908C (BLG 1 SGR) in the lowermost 1-2 km and 420-5308C (SGR 1 GBM) above this structural level (Figure 10 ). Quartz slip systems typically indicate deformation temperatures of 400-5008C (Mixed <a> slip). Dolomite twinning and slip system activity is suggestive of deformation at 300-6008C in Units B and C (Figure 10 ). In the Kali Gandaki transect (Figure 10a ), Unit C contains lower temperature quartz, calcite, and dolomite microstructures, while CPO patterns and inferred slip systems are indicative of a wider range of deformation temperatures (quartz: 280-5308C; calcite and dolomite: >2508C and <3008C).
Quartz c-axis opening angles from the Modi Khola transect (Figure 10b ) indicate deformation temperatures of 500-6008C in the immediate hanging wall of the MCT. Above this level, opening angle temperature estimates increase up-section from 400-5008C (Unit A), to 550-6508C (Unit C). In the Kali Gandaki transect (Figure 10a ), quartz c-axis opening angles from both this study and Larson and Godin [2009] record an upsection decrease in temperatures from 500-6508C, to 300-4008C (discussed below).
High temperature microstructures and CPO fabrics are preserved in the Ulleri Gneiss in the Modi Khola valley (500-7008C, {m}<a> slip) and at the same structural level above the MCT in Units A and B (>6508C, CBS textures) in the Kali Gandaki valley. CBS textures are preserved in large relict cores of core-mantle structures and are recrystallized to smaller matrix-sized grains at their margins. This suggests that high temperature deformation occurred early in the rocks' deformation history prior to development of lower temperature fabrics and textures in the surrounding matrix grains. Given the lack of field and microstructural evidence for localized deformation at this structural level, we speculate that these high temperature (500-7008C) quartz microstructures and CPO fabrics may correspond to Palaeoproterozoic emplacement of the Ulleri gneiss magmatic protolith [Pêcher and Le Fort, 1977; DeCelles et al., 2000] , rather than being produced during Himalayan age out-of-sequence thrusting within the LGHS.
Previously published garnet-biotite (GARB), garnet-ilmenite, and Raman Spectroscopy of Carbonaceous Material (RSCM) thermometry from the LGHS in the Annapurna-Dhaulagiri region record peak temperatures of 450-6008C that increase up-section [Le Fort et al. 1987; Beyssac et al., 2004; Martin et al., 2010; Corrie and Kohn, 2011] . Garnet rim GARB thermometry records retrograde temperatures of 400-4508C [Kaneko, 1995] .
UGHS
High temperature deformation is recorded across the UGHS (Figure 10 ) both by quartz microstructures (>6508C, GBM 1 CBS) and slip systems (500-7008C, {m}<a> slip; >6508C, {m}[c] slip) and by feldspar microstructures (>5508C). Active calcite slip systems in Unit II of the Kali Gandaki transect (>5008C, (c)<a> slip) support this interpretation. Lower temperature quartz microstructures and slip systems (300-5308C) are localized in the immediate hanging wall of the CT. Additionally, quartz (c)<a> slip (300-4008C) is recorded in the immediate footwall of the AD in the Kali Gandaki transect (Figure 10a ). Temperatures indicated by quartz c-axis fabric opening angles increase up-section from 360 to 4608C in the immediate hanging wall of the CT to 500-7008C across the rest of Unit I [this study, plus Larson and Godin, 2009] .
Previously published garnet-biotite, garnet-ilmenite, and garnet-hornblende cation-exchange and Zr-intitanite thermometry and multiphase equilibria modeling from the UGHS in the Annapurna-Dhaulagiri region indicate that peak temperatures of metamorphism did not exceed 8508C [Le Fort et al., 1987; Kaneko, 1995; Martin et al., 2010; Corrie and Kohn, 2011; Kohn and Corrie, 2011; Iaccarino et al., 2015; Parsons et al., 2016b] . Peak temperatures of metamorphism increase up-section (Figure 10 ) from 600-7508C at the Geochemistry, Geophysics, Geosystems
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PARSONS ET AL. KINEMATIC EVOLUTION OF ANNAPURNA HIMALbase of Unit I to 650-8008C at 0.5-1.5 km above the CT and 700-8508C across the rest of the UGHS [Le Fort et al., 1987; Kaneko, 1995; Martin et al., 2010; Corrie and Kohn, 2011; Iaccarino et al., 2015; Parsons et al., 2016b] . Additionally, in the Modi Khola transect garnet rim temperatures of 550-6008C and 7008C [Kaneko, 1995] are recorded from the lower and middle portions of the UGHS, respectively (Figure 10b ).
STDS
Deformation temperatures in the STDS are poorly constrained. The base of the STDS contains deformed leucogranites, which together with quartz, calcite, and dolomite microstructures and CPO fabrics, indicate deformation temperature ranges of >6508C, and 300-6008C (Figure 10 ). Calcite twins across the whole of the STDS record low strain deformation at <3008C. No useful deformation temperature indicators were found in the central portion of the STDS. At the top of the STDS, intermediate deformation temperatures (300-6008C) are recorded by dolomite microstructures and CPO patterns.
In the Kali Gandaki transect (Figure 10a ), Zr-in-titanite thermometry records metamorphism at temperatures of 730 6 608C in the immediate hanging wall of the AD [Parsons et al., 2016b] .
THS
Quartz, calcite, and dolomite microstructures and inferred crystal slip systems indicate low to intermediate deformation temperatures in the THS (<300-4008C).
Thermokinematic Evolution of the Annapurna-Dhaulagiri Himalaya
Our study provides a record of deformation from 104 samples collected from an 18 km thick structural section through the entire GHS and the upper and lower bounding THS and LHS. Observed microstructures and CPO fabrics indicate deformation temperatures ranging from >7008C to <2808C (Figure 10 ; summarized in Figure 11 ). Previous studies in the Annapurna-Dhaulagiri region have focused mostly on determining petrology-derived peak metamorphism PT conditions from the UGHS [e.g., Martin et al. 2010; Corrie and Kohn, 2011] . Combining these previously published data with our record of microstructure-derived deformation temperatures provides a more complete thermokinematic record of deformation for the entire GHS, plus the upper and lower portions of the LHS and THS, respectively (summarized in Figure 11 ). The preserved syntectonic partial melt textures together with the overprinting relationships of lower temperature on higher temperature microstructures indicate that these profiles record progressive deformation on a Traced up-section, deformation temperature profiles for both transects generally mimic the welldocumented inverted metamorphic profiles (with the exception of LGHS Unit C, Kali Gandaki transect-see below) that are documented from the lower portions of GHS-equivalent sections throughout the central and eastern Himalaya [e.g., Le Fort, 1975; Caddick et al., 2007; Mottram et al., 2014] . Gradational changes in our deformation temperature record (Figure 10 ) help identify specific tectonic units with distinct deformation histories that are potentially similar to other parts of the central and eastern Himalaya. As such, the thermokinematic evolution of the GHS in the Annapurna-Dhaulagiri Himalaya can be divided into three distinct stages (Figures 12a-12c) , defined by the observed distribution and migration of deformation through evolving temperature regimes. As indicated by the distribution of specific temperature-dependent microstructures in our deformation temperature profiles (Figure 10 ; summarized in Figure 11 ), these stages operated at different crustal positions within the progressively evolving Himalayan orogen.
5.1. Stage 1: Midcrustal Flow (>7008C, 11-14 kbar to 550-6508C, 7-8 kbar) The earliest deformation stage (Figure 12a ) is characterized by penetrative shearing throughout the UGHS and base of the STDS, which occurred at, and close to, peak temperature and pressure conditions (700-8508C, 11-14 kbar) [Parsons et al., 2016b and references therein] (Figure 11 ). Field observations confirm that deformation took place contemporaneously with partial melting. Microstructural partial melt textures (Figures 6e-6f) indicate that the UGHS preserves deformation from peak temperature conditions and that Geochemistry, Geophysics, Geosystems 10.1002/2015GC006184 partial melts cooled and crystallized slowly from peak temperatures. Kinematic data determined from microstructures and CPO fabrics mostly record coaxial deformation. Noncoaxial deformation dominates at the margins of the UGHS. Additionally, quartz and feldspar CPOs record components of plane strain and flattening strain across the UGHS. Thermochronological constraints indicate that high temperature kyanitegrade metamorphism initiated at 48-43 Ma and continued to at least 28 Ma Iaccarino et al., 2015; 2015] . Partial melting initiated at 41-36 Ma and continued to 22-18.5 Ma Godin et al., 2001; Carosi et al., 2015; . These thermokinematic constraints are readily explained by an initial phase (Stage 1) of midcrustal channel flow of the UGHS [e.g., Jamieson et al., 2004; Grujic, 2006; Rosenberg et al., 2007; Jamieson et al., 2011; Parsons et al., 2016b] between 48 Ma and 18.5 Ma (Figure 12a ).
Assuming that deformation temperatures indicated by the observed microstructures reflect conditions during the last stages of ductile deformation [e.g., Knipe and Law, 1987] , quartz deformation temperatures indicate that pervasive ductile deformation/flow in the UGHS ended at 550-6508C (Figure 11 ). These temperature conditions correlate with garnet rim GARB thermometry [Kaneko, 1995] and multiphase equilibria modeling that yield temperatures of metamorphism of 650-6708C at 7-8 kbar in Unit I of the Kali Gandaki transect during retrogression at 25-18 Ma. These data are comparable to adjacent peak PT estimates from the underlying LGHS [Le Fort et al., 1987; Martin et al., 2010; Corrie and Kohn, 2011] . Additionally, these P-T-time constraints also correlate with both the youngest crystallization ages of partial melts and minimum ages of pervasive top-SW and top-NE/E shearing in the UGHS at 22-18 Ma [Nazarchuk, 1993; Hodges et al., 1996; Godin et al., 2001; Corrie and Khon, 2011] , and the minimum temperature for fluidpresent muscovite dehydration melting at 7-8 kbar [White et al., 2001] .
We interpret these P-T-time data to record cooling and mechanical strengthening of the UGHS. It is likely that the accompanying increase in viscosity associated with this cooling and strengthening would have hindered the ability of the UGHS to deform as a midcrustal channel flow and may have been responsible for the eventual cessation of flow, as suggest by Parsons et al. [2016b] , between 25 and 18 Ma at 550-6508C, 7-8 kbar. As such, these PT conditions may corresponds to the threshold viscosity (i.e., maximum viscosity) for midcrustal channel flow in the Annapurna-Dhaulagiri Himalaya [e.g., Grujic, 2006; Rosenberg et al., 2007; Jamieson et al., 2011] and signify the transformation of the UGHS from a pervasive extrusive flow (''Active channel'') to rigid block behavior (''Channel plug'') [Beaumont et al., 2001; Parsons et al., 2016b] . The proposed PT conditions for this transformation reflect the minimum PT conditions for ductile deformation within the UGHS. These PT conditions are equivalent to peak PT estimates from the underlying LGHS. We propose that the cooling and strengthening of the UGHS, which we interpret to reflect the cessation of channel flow, was accompanied by migration of deformation from the now strengthened UGHS into mechanically weaker rock units of the underlying LGHS, and possibly into the overlying STDS. This migration of deformation was necessary to facilitate exhumation of the rigid UGHS, which could no longer deform internally via pervasive ductile flow, and defines the transition from Stage 1 to Stage 2 (Figure 12b ).
Stage 2:
Rigid Wedge Extrusion and Exhumation (400-6008C, <7-9 kbar) Stage 2 deformation (Figure 12b ) occurred at deformation temperatures of 400-6008C and corresponds to exhumation of the UGHS as a rigid block, facilitated by ductile shearing in the underlying LGHS ( Figure  11 ). This is supported by kinematic indicators such as SPO and S-C fabrics and rotated asymmetric CPOs, which indicate a dominance of noncoaxial plane strain deformation in the LGHS. During this stage, penetrative deformation was pervasively distributed throughout the LGHS, which behaved as a crustal scale (5 km thick) shear zone. The overlying UGHS deformed only at its margins (Figure 12b ). The downsection distribution of deformation temperatures in the LGHS shows no correlation with the location of lithological boundaries. Furthermore, metamorphic indicator minerals provide no indication of distinct metamorphic discontinuities between units (with the exception of Unit C, see below), and no obvious unit-bounding shear zones were observed in the field. Consequently, deformation within the LGHS is most comparable to a broad zone of pervasive ductile shearing rather than localized deformation between discrete thrust slices. These structural processes are comparable to those invoked by rigid wedge extrusion models [e.g., Burchfiel and Royden, 1985] and models for the exhumation of a solid ''channel flow plug'' [e.g., Beaumont et al., 2004] . Peak pressure estimates (7-9 kbar) from the LGHS suggest Stage 2 initiated at a maximum depth of 21-27 km [Le Fort et al., 1987; Martin et al., 2010; Corrie and Kohn, 2011] . Approximately uniform 40 Ar/ 39 Ar muscovite cooling ages suggest the UGHS exhumed through the muscovite closure temperature for Ar loss Geochemistry, Geophysics, Geosystems
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(380-4508C) [Harrison et al., 2009] at 16-13 Ma as a single coherent block [Vannay and Hodges, 1996; Godin et al., 2001; Martin et al., 2015] . Out-of-sequence thrusting within the UGHS (Kalopani and Modi Khola shear zones) Vannay and Hodges, 1996] and localized shortening within the STDS [Godin, 2003; Parsons et al., 2016b] occurred sometime after the cessation of top-NE/E motion on the AD/DD (22-18 Ma) Godin et al., 2001] and before wholesale exhumation of the UGHS (16-13 Ma) [ Vannay and Hodges, 1996; Parsons et al., 2016b] . A single 40 Ar/ 39 Ar muscovite crystallization age of 17 Ma from the THS in the Kali Gandaki valley has been interpreted as a record of out-of-sequence thrusting [Godin et al., 2001; Parsons et al., 2016b] . Therefore, Stage 2 initiated sometime after 22-18 Ma and was active at 16-13 Ma.
Stage 3: Duplexing/Thrust Stacking (<280-4008C)
Stage 3 records localization of brittle-ductile deformation on the MCT, CT, and within Unit C of the LGHS (Figure 12c ) at 4008C to <2808C (Figure 11 ). Metapelitic rocks are common at these structural positions and display well-defined top-SW S-C fabrics and high concentrations of sheared quartz and/or calcite veins. Phyllonitization and chloritization of these rocks are prevalent.
In Unit C of the LGHS in the Kali Gandaki transect (Figure 10a ), deformation temperatures derived from quartz fabric opening angles and microstructures are lower than those derived from the same thermometers in the underlying LGHS units (Figure 10a ). We suggest that the dominance of metapelitic rocks within Unit C may have promoted localization of late-stage deformation during exhumation at lower temperatures, after cessation of deformation in the relatively stronger quartzite and marble layers of Units B and A. Within Unit C, well-defined top-SW S-C fabrics and sheared calcite veins observed in the field, and chloritization and sericitization of biotite microlithons and feldspar porphyroclasts observed in thin section, are compatible with this interpretation.
Localized deformation within Unit C ( Figure 10 ) coincides with the proposed location of the Munsiari thrust [Kohn, 2008; Corrie and Kohn, 2011] . This thrust was originally described in the Kumaun Himalaya in NW India [Valdiya, 1980] but has since been extrapolated along strike into the central Himalaya [e.g., Srivastava and Mitra, 1994; Khanal et al., 2015; Robinson and Martin, 2014] . We found no discrete thrust plane to attribute to the Munsiari thrust; however, localized low temperature deformation in Unit C may be associated with such a structure. Low temperature quartz microstructures and slip systems in the immediate footwall and hanging wall of the AD in the Kali Gandaki transect (Figure 10a ), may also record localized shortening in the STDS during Stages 2 and/or 3 [Godin, 2003; Parsons et al., 2016b] .
Localization of strain during this final stage of ductile deformation is likely to reflect a positive feedback between initial partitioning of strain in to mechanically weaker rock layers, followed by localized strain softening (e.g., through phyllonitization) [Wallis et al., 2015] and further strain partitioning. This feedback is strengthened if deformation occurs during decreasing temperatures, as strain will naturally migrate in to, and accumulate within, mechanically weaker rock layers. These processes result in a series of rigid thrust sheets separated by narrow, weak shear zones, comparable to processes associated with duplexing and thrust stacking [e.g., Srivastava and Mitra, 1994; Robinson et al., 2006; He et al., 2014] . The lower temperature, upper crustal nature of this deformation suggests that this final stage (Figure 12c) LGHS [Martin et al., 2015] suggests localized low temperature deformation (<380-4508C) within the LGHS and on the MCT probably occurred during or after this time.
These findings highlight a clear distinction between the kinematic evolution of the LGHS and UGHS. Following cessation of crustal flow in the UGHS, the LGHS formed a crustal-scale shear zone that facilitated rigid body translation of the overlying UGHS as a single coherent block during exhumation starting at temperatures and pressures of 550-6508C and 7-8 kbar. The evolution of deformation through Stages 2 and 3 is comparable to findings from similar studies elsewhere in the Himalaya that record a downsection decrease in deformation temperatures in LGHS-equivalent stratigraphy [Bouchez and Pêcher, 1981; Yakymchuk and Godin, 2012; Law et al., 2013; Larson and Cottle, 2014] . It is possible that Stages 2 and 3 were active simultaneously at different structural positions within the orogen, with Stage 2 at a deeper hinterland position and Stage 3 at a shallower foreland position. The downsection decrease in minimum deformation temperatures within the LGHS suggests that the LGHS thickened as the MCT migrated downsection during exhumation Geochemistry, Geophysics, Geosystems
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due to accretion/underplating of underlying material [e.g., Montomoli et al., 2015; Mottram et al., 2015; . Based on these findings, we consider the whole of the LGHS to be synonymous to the Main Central Thrust Zone (MCTZ) [e.g., Grasemann et al., 1999; Mottram et al., 2015; .
The Composite Orogenic System
The tectonic processes described in this study (channel flow, wedge extrusion, duplexing/thrust stacking) have been individually presented by other authors as possible models for Himalayan orogenesis. Some of these models have been presented as mutually exclusive end-members [e.g., Robinson et al., 2006; Kohn, 2008; Carosi et al., 2010] with supporting evidence for any one process used as evidence against the occurrence of the other two. This dichotomy may be overcome if the rheological boundary conditions that govern the structural development of an orogen are considered to vary through time and space [e.g., Jamieson and Beaumont, 2013; Cottle et al., 2015] . Application of this concept indicates that a variety of orogenic processes, commonly perceived as mutually exclusive ''end-member'' processes may operate within distinct Orogenic Domains that form modular components to a single Composite Orogenic System (Figure 12d ) [e.g., Larson et al., 2010; Larson and Cottle, 2014; Cottle et al., 2015; Searle, 2015] .
The data presented here provide insight into the thermo-kinematic evolution of the GHS in the AnnapurnaDhaulagiri Himalaya. Three orogenic stages defined by distinct tectonic processes are identified ( Figures  12a-12c ), corresponding to migration of the GHS through distinct Orogenic Domains (Figure 12d ) within the Himalayan Composite Orogenic System. Stage 1 (Figure 12a ) describes the midcrustal evolution of the GHS under conditions indicative of channel flow (Orogenic Domain 1). This domain typifies the Superstructure-Infrastructure Association, [e.g., Williams et al., 2006; Jamieson and Beaumont, 2013] , in which the rheological contrast between the partially molten midcrust (Infrastructure-UGHS) and the cold strong upper crust (Superstructure-THS) results in a mechanical decoupling (STDS) between the two rheologic units. Midcrustal deformation in Orogenic Domain 1 is characterized by vertical shortening and horizontal stretching during pervasive plane strain and general flattening shear [e.g., Law et al., 2004 Law et al., , 2011 Jessup et al., 2006; Larson and Godin, 2009; Parsons et al., 2016b] .
Stage 3 (Figure 12c ) describes the upper crustal evolution of the GHS, defined by thrust stacking and duplex development (Orogenic Domain 2). Deformation in Orogenic Domain 2 is characterized by horizontal shortening and vertical thickening during localized simple shear (plane strain). Stage 2 (wedge extrusion and exhumation, Figure 12b ) represents a transition stage between Domains 1 and 2 and reflects transportparallel rigid body translation of the UGHS through the brittle-ductile transition zone (Figure 12d ).
An important implication of the Composite Orogenic System is that multiple Orogenic Domains, with contrasting tectonic processes and rheologies, may be active at the same time. Comparison with numerical simulations also suggests that Orogenic Domains linked by a transitional stage (i.e., Stage 2) may become dynamically coupled, such that a change in boundary conditions in one domain will affect deformation processes in the other [e.g., Jamieson and Beaumont, 2013] .
Such concepts are similar to recently published composite tectonic models for the Himalayan orogeny, which involve elements of two or more of the ''end-member'' models [e.g. Larson et al., 2010; Spencer et al., 2012; Jamieson and Beaumont, 2013; Mukherjee, 2013; Wang et al., 2013; He et al., 2014; Larson and Cottle, 2014; Ambrose et al., 2015; Cottel et al., 2015] . Applying these concepts to previous studies that argued for the prevalence of one tectonic process over another [e.g., Robinson et al., 2006; Kohn, 2008] suggests that these apparently contradictory studies may actually record deformation from different orogenic domains. Our findings demonstrate that channel flow, wedge extrusion, and duplexing/thrust stacking processes are not incompatible but rather, reflect spatial and temporal variations in rheological boundary conditions within a Composite Orogenic System [Larson et al., 2010; Jamieson and Beaumont, 2013; Cottle et al., 2015; Searle, 2015] .
Conclusions
Microstructural analysis has been conducted on 104 samples from two orogen-perpendicular transects through the metamorphic core (GHS) and bounding units (LHS, THS) of the Annapurna-Dhaulagiri Himalaya, central Nepal. SEM EBSD analyses have been performed on 93 of these samples. Results record progressive deformation of the GHS along a retrograde path from early-stage high temperature ductile deformation Geochemistry, Geophysics, Geosystems 10.1002/2015GC006184
and partial melting at peak metamorphic conditions (6508C) to low temperature ductile (400-2808C) and brittle (<2808C) deformation during exhumation.
The UGHS contains microstructures indicative of pervasive high temperature ductile deformation in the presence of partial melt (5508C to >7008C). Dislocation creep of quartz and feldspar plus diffusion creep of feldspar is evident. Deformation is predominantly by coaxial plane strain, with a minor component of general flattening shear. Pervasive deformation within the UGHS did not occur below temperatures of 5508C.
Microstructures and CPO fabrics in the LGHS and STDS record intermediate to low temperature (280-6508C) noncoaxial, plane strain, ductile deformation. Dislocation creep of calcite, dolomite, and quartz is evident. Lower temperature microstructures and CPO fabrics (280-4008C) are observed in the footwall and hanging wall of the CT and MCT, respectively (LGHS), and in the footwall of the STD (STDS). The LHS and THS record low temperature ductile (280-4008C) and brittle (<2808C) deformation.
New deformation temperature profiles for the Annapurna-Dhaulagiri Himalaya reveal three distinct deformation stages during extrusion and exhumation of the GHS from peak conditions: Stage 1 (>7008C to 550-6508C)-channel flow of the UGHS; Stage 2 (600-4008C)-rigid wedge extrusion of the UGHS via pervasive shearing in the underlying LGHS; Stage 3 (<4008C)-duplexing/thrust stacking in the LGHS and LHS via localized thrust faulting. This kinematic evolution is best explained in terms of a Composite Orogenic System, which describes the migration of the GHS through distinct Orogenic Domains with contrasting rheological conditions. High temperature midcrustal channel flow of the UGHS is confined to Orogenic Domain 1, located in the hinterland of the orogenic system, and characterized by vertical shortening and horizontal stretching during pervasive plane strain and general flattening shear (Stage 1). Low temperature exhumation of the GHS occurs in Orogenic Domain 2, located towards the foreland, and characterized by localized thrusting during horizontal shortening and vertical thickening of the Himalayan Duplex (Stage 3). Stage 2 records rigid body translation of the UGHS from Domain 1 to Domain 2. These Orogenic Domains are located at different crustal positions in the Composite Orogenic System and may be active at the same time. This highlights the importance of considering the rheological, as well as the temporal, evolution of mountain belts.
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